While faults are commonly simulated as a single planar or non-planar interface for a safety or stability analysis in underground mining excavation, the real 3D structure of a fault is often very complex, with different branches that reactivate at different times. Furthermore, these branches are zones of nonzero thickness where material continuously undergoes damage even during interseismic periods. In this study, the initiation and the initial evolution of a strike-slip fault was modeled using the FLAC3D software program. The initial and boundary conditions are simplified, and mimic the Riedel shear experiment and the constitutive model in the literature. The FLAC3D model successfully replicates and creates the 3D fault zone as a strike-slip type structure in the entire thickness of the model. The strike-slip fault structure and normal displacement result in the formation of valleys in the model. Three panels of a longwall excavation are virtually placed and excavated beneath a main valley. The characteristics of stored and dissipated energy associated with the panel excavations are examined and observed at different stages of shear strain in the fault to evaluate bump potential. Depending on the shear strain in the fault, the energy characteristics adjacent to the longwall panels present different degrees of bump potential, which is not possible to capture by conventional fault simulation using an interface.
Introduction
This paper is part of an effort by the National Institute for Occupational Safety and Health (NIOSH) to identify risk factors associated with bump-prone potential in highly stressed ground conditions. More specifically, this paper reports an exploratory effort with an unconventional approach using a numerical tool to try to better understand a possible scenario where bump risk might be increased-that is, a scenario involving a strike-slip
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). fault. The objective is to assess whether a numerical tool might be useful or practical in forecasting bump potential associated with a strike-slip fault for a typical structural geologic setting.
The highly anisotropic characteristics of coal seams that result from geologic structures when mining takes place, such as cleats, bedding, faults, and spatial redistribution of induced stress in coal pillars, cause many uncertainties that affect safety. Dynamic failure in coal mines, known as "bumps", is one of the most challenging and persistent engineering problems associated with coal mining in highly stressed conditions. These events occur when stresses in a coal pillar, used for support in underground workings, exceed the critical strength of the pillar, causing the pillar to rupture without warning. These events can be exceptionally violent, ejecting coal and rock with explosive force. These types of events have been documented for well over 100 years within the American underground coal mining industry. During this time, mining practices and support technologies have evolved considerably, resulting in an overall decrease in the rate of dynamic failure-related injuries and fatalities. However, they do continue to occur. Fig. 1 presents the number and rate of fatalities for the last 10 years in underground coal mining show that the trend is still highly fluctuant. Fig. 2 shows that, from 1983 to 2014, there were nearly 400 cases of reportable dynamic failure accidents in coal and nonmetal mines, resulting in 20 fatalities, 155 losttime accidents, and an estimated 48,000 lost man-hours [1] . However, a continuous effort to better understand the dynamic failure mechanism in coal mines is still required in order to make further improvements in preventing bump-related fatalities in underground coal mining.
The risk associated with faults/fault zones and coal bumps has been acknowledged by several researchers in the literature. Mauck [2] and Peperakis [3] mention the risk of bumps with regard to the proximity of mining operations to faults. Some describe the role of faults in stress concentration [3] [4] [5] [6] [7] , thus causing conditions with increased bump risk. Others specifically mention fault slip and the resulting release of energy associated with bumps [3, [5] [6] [7] [8] . Iannacchione and Zelanko [9] mention the role of geologic structure, including displacement faults, to concentrate stress and control the caving and heaving characteristics of strata. The risk of bumps associated with faults is well established; however, the specific mechanisms that cause bumps may not be well understood. For that reason, a numerical tool that involves a new approach is used in this study to examine the problem and assess the potential to identify the risk of bumps associated with strike-slip faults.
Specifically in this study, bump potential near a fault zone associated with a longwall mining excavation is evaluated with respect to the different stages of shear strain in the fault using a new numerical modeling technique. The influence of stored and dissipated energy, due to the fault deformation and the timing of long-wall excavation on the potential for a bump adjacent to the fault, is also investigated using the numerical model. Faults, in general, are simulated as a single planar or non-planar interface by a numerical tool for a safety or stability analysis in underground mining excavation. However, the real 3D structure of a fault is commonly very complex, with different branches that reactivate at different times. Furthermore, these branches are zones of non-zero thickness where material continuously undergoes damage even during interseismic periods [11] .
In this study, FLAC3D [12] is used to simulate the initiation and the initial evolution of a strike-slip fault. The initial and boundary conditions are simplified and mimic the Riedel shear experiment and the methodologies introduced by Chemenda et al. [11] . The successful replication of Chemenda's model created a valley in the FLAC3D model due to the fault's formation by the shearing. Three longwall panels are excavated beneath the central valley that will be discussed in detail later. It is assumed, in agreement with Kim et al. [13] , that the risk of bumps would increase proportionally to the ratio of elastic energy to dissipated plastic energy. The elastic energy is stored in the rock mass due to the panel excavations. The release of this retained energy is then subject to stress redistribution due to the fault deformation and excavation of the longwall panels in the model. The release of plastic energy, by contrast, dissipates through the rock mass at the ribs, roof, and floor adjacent to the mine entry. In order to investigate and quantify the risk posed by this possible imbalance, the energy is calculated using FLAC3D so that the elastic strain energy and dissipated plastic energy can be tracked for given zones in the model. This paper describes common approaches for a fault-slip analysis. The approach for FLAC3D modeling, including assumptions and conditions, is also described. Methodologies appropriate to evaluate the bump potential due to longwall mining excavation are explained and demonstrated by means of the modeling technique.
Numerical approach for fault-slip analysis
At present, a number of numerical simulation methods have been developed in a variety of fields to analyze physical phenomena, such as elastic wave propagation, ground motion induced by seismic waves, rock mass behavior, and crack propagation within intact materials. Cappa and Rutqvist [14] employ the finite difference method to simulate the behavior of geological discontinuities. Alber et al. [15] evaluate fault-slip tendency by carrying out static analysis using the finite element method. In the field of geophysics, Oglesby and Mai [16] simulate dynamic shear rupture as a source of an earthquake that could occur on the North Anatolian Fault system in the Sea of Marmara, Turkey, with a large-scale numerical model. Potvin et al. [17] and Sjöberg et al. [18] use a distinct element method in order to simulate fault-slip that occurs along geological structures in underground mines. However, all these analyses considered the fault in the numerical model as a single planar or non-planar interface, ignoring the fault's specific shape or thickness for the purpose of simplification.
Chemenda et al. [11] demonstrate that they were able to properly model the initiation and initial evolution of the complex structure in a strike-slip fault by using a constitutive model that takes into account the hardening of a plastic modulus with inelastic straining. They also used "softer" boundary conditions by prescribing tractions instead of velocities. In an attempt to reproduce the results of their study, we implemented their constitutive model in FISH (a programming language available in FLAC3D) and calibrated an in-house model to replicate the same behavior. We also implemented the same boundary conditions for strikeslip conditions.
Replication and development of the strike-slip fault in FLAC3D
To replicate and develop a strike-slip fault in FLAC3D, it is necessary to study the 3D fault structure during the initial evolution of the fault (i.e., initial elastic deformation followed by damage propagation to form a flower-like structure in the cross section). To do this, Chemenda et al. [11] construct a model using FLAC3D and apply shear forces at the boundaries in plain view. During the initial stages of the model evolution, the response is purely elastic. At a certain stage, the inelastic deformation starts at the surface in the longitudinal axial area. The inelastic zone thickens and rapidly widens in the lateral axis of the model. At some point, the damage due to inelastic deformation starts at the model bottom. In the next stage, a dense set of parallel deformation localization bands of incipient faults forms. The whole band set first evolves uniformly, and then a sort of band selection process is observed. Finally, the entire thickness of the layer is affected, forming a flowerlike structure in the cross section, as shown in Fig. 3(a) . Fig. 3 (b) implies that these are normal or normal shear faults whose activity results in the formation of 100-m-deep valleys.
In order to replicate the strike-slip model developed by Chemenda et al. [11] , a FLAC3D model with dimensions of 50,000 m (W) × 5000 m (H) × 100,000 m (L) is constructed. Each zone size is set up to be approximately 300 m. The generalized Hoek-Brown model with strain-softening behavior is chosen as the failure criterion for this simulation [12] . Some generic mechanical properties for the rock mass are selected for the model to achieve the objective of examining whether a template for the physically formed strike-slip fault in the 3D model would be suitable to study the risk potential for bumps. The mechanical properties are shown in Table 1 .
The strain-softening behavior of the strength via the Hoek-Brown constants are modeled by a linear reduction to the critical shear strain as a function of the geological strength index (GSI). The inhomogeneous strength of the rock mass is also taken into account to promote stress localization. The FLAC3D model is subjected to a gravity force that generates the initial stresses, characterized by the vertical stress defined by the unit weight and the depth. Along the y-parallel vertical boundaries, roller conditions are applied. A kinematic condition is imposed along the y-normal boundaries. By means of implementing the boundary and loading conditions introduced by Chemenda et al. [11] , the movement of nodes at the front and back faces are slaved to the corresponding nodes at the mid-section (at L/2). A shear stress, which increases progressively during deformation, is applied to the bottom of the model, which is fixed in the z-direction. The load is incrementally applied so that inertial effects are minimized. Fig. 4 illustrates the construction of the FLAC3D model and how the shear stress loading is applied on the boundaries (Fig. 4(a) ), along with the FLAC3D model after the deformation resulting from the shear stress loading (Fig. 4(b) ). Fig. 5 Simulated faults and shear zones and deformation in the model shows that the replication of Chemenda's approach is successfully accomplished using the methodologies explained. Fig. 5(a) shows that a series of valleys are formed in the model by the shear stress loading in terms of the contours of shear strain. Fig. 5(b) illustrates the iso-blocks of shear strain plotted with partially transparent colors. The iso-block shows contours or iso-surfaces of zone-based values of shear strain on zone faces. Zone faces are plotted if the value of the zone on either side of the face crosses the iso-value specified [12] . In this case, the iso-value is 1% shear strain. The iso-block can represent a fault zone that is physically deformed due to the shear stress with non-zero thickness and a certain shape, which appears to be very different compared to the modeled results of an interface simulated as a single planar or nonplanar structure in a numerical model. Fig. 5(c) shows that valleys are created by a fault system formation due to the shear stress loading.
Excavation of longwall panels
As the next step, a generic configuration of three longwall panels is placed beneath the central valley at the middle of the model. The panels are excavated one by one in order to investigate any change of the energy state, according to the deformation of the fault and panel excavations.
Since the FLAC3D model is constructed with relatively coarse elements approximately 300 m in size along one side, it is not appropriate to build an underground excavation in the model for the investigation with no modification of the size of the element. Therefore, the region of interest for this study is densified-that is, zones are divided into smaller zones but limited in extent, so a smooth transition of stress calculation is achieved. This is accomplished by limiting the change in the size of adjacent elements to one order of magnitude. Two internal densified regions are designed as a shell and generated in the middle of the model, as shown in Fig. 6(a) . The outer shell is built with 30-m elements as illustrated in Fig. 6(b) . The inner shell-mainly for investigating change in the energy state associated with the panel excavations-is created inside the outer shell and has an element size of 3 m, as presented in Fig. 6(c) . In the inner shell, we generate and place three panels representing a longwall mining excavation. The dimensions of the panels are 120 m (W) × 6 m (H) × 500 m (L), and the pillars between the panels are 30 m wide. The depth of the panels is approximately 1500 m below the top surface of the model. Because the size of the excavations is relatively small compared to the whole model, the panels were excavated as a whole, panel by panel, and not gradually.
Energy ratio results and discussion
Elastic strain energy and dissipated plastic energy can be tracked if zones in the model have an assigned mechanical constitutive model, which is the case in this model. The FLAC3D model uses an incremental solution procedure: the equations of motion at the gridpoints and the stress-strain calculations at the zones are solved at every timestep, progressing toward equilibrium. In the stress-strain equations, the incremental change in energy components is determined and accumulated as the system attempts to reach equilibrium. Energy is dissipated through plastic work as the zones undergo irreversible deformation. The strain in any zone can be divided into elastic and plastic parts [12] .
Kim et al. [13] report that the individual ratio of plastic dissipated energy in terms of the intensity of energy release at the different locations can be characterized and quantified by multiple regression. From that analysis, the shear strength of the adjacent contacts in terms of internal friction angle is, in general, the most critical parameter contributing to the dissipation of plastic energy. This is particularly important near the gateroads. In this study, we compare two different states of the fault physically developed by the shear stress loading -that is, two different amounts of applied shear stress. One state represents a relatively small amount of fault deformation: 0.1% shear strain as measured on the fault plane. The other state represents a relatively larger amount of fault deformation: 10% shear strain observed on the fault plane. This is accomplished by continuing to load beyond the state having 0.1% shear strain along the fault. Because the induced shear strain along these faults is not constant, the size and thickness of the faults eventually become non-uniform. These conditions cannot be simulated explicitly by a single planar or non-planar interface. Therefore, these two states in fault deformation, 0.1% shear strain versus 10% shear strain, are expected to show different conditions in terms of stored and dissipated energy, particularly with respect to the longwall panel excavations.
Bigarre et al. [19] indicate that seismic energy associated with rockbursts (i.e., bumps) in a deep coal mine at a depth reaching 1100 m varies around 10 8 to 10 9 J, with an associated Richter ranging from 2.2 to 3. Fig. 7 shows the results of the plastic dissipated energy in the vicinity of the faults when each of the panels are excavated. The three figures in the left column present the distribution of the plastic dissipated energy around the panels where the fault induces smaller shear strain. The three figures in the right column show the plastic dissipated energy around the panels where the fault induces larger shear strain. The hotter color in the roof, floor, and pillar indicates that the dissipated plastic energy is greater than 10 8 J. The fault movement at the bottom of the valley is the main cause of the highly dissipated energy concentrated under the second panel of the floor. The intensity of the plastic dissipated energy around the longwall panels, particularly in the pillars, looks more severe when the panels are excavated in the vicinity of the fault, induced by the relatively larger deformation. The most likely interpretation is that bump risk would increase as the panels are excavated when the adjacent fault induces a relatively larger deformation in terms of shear strain.
Kim and Larson [20] find that conditions develop in their models where the ratio of potential energy to dissipated plastic energy in the vicinity of excavations varies, according to conditions of geometry and material properties. They surmise that this ratio might be used as a good indicator of the risk of bumps. Fig. 8 presents the ratio of the elastic stored energy to the plastic dissipated energy after mining each of the longwall panels. Fig. 8 in the left column presents the change of the energy ratio around the panels where the fault induces smaller shear strain (about 0.1%). Fig. 8 in the right column shows the energy ratio around the panels where the fault induces larger shear strain (about 10%). The hotter color in the roof and floor indicates the energy ratio of more than 4, which means a significant amount of the elastic energy still remains above the roof and below the floor of the panel after the excavation. Since the energy ratio appears to be more significant in the left column in the figure, bump potential would be greater after completion of the panel excavation when the adjacent fault induces a relatively smaller shear strain.
Concluding remarks
In this study, the FLAC3D model successfully replicates and creates a 3D fault zone as a strike-slip type structure by means of simplifying and mimicking the initial and boundary conditions based on the methodologies proposed by Chemenda et al. [11] . This model can simulate and be used to investigate fault behavior and the effect on mining excavations more realistically by considering the fault size and thickness instead of using the common approach of modeling faults as a single planar or non-planar interface. The generic configurations of three longwall panels are embedded in the vicinity of the central valley due to the fault formation. The panels are excavated one by one in order to investigate a change of the energy state, according to the deformation of the fault and panel excavations.
The following are the results of the fault-rupture model and calculation of the energy component associated with the longwall panel excavations, using the FLAC3D modeling technique and considering the conditions and methodologies described in this paper:
1.
The iso-block in the model can represent a fault zone that is physically deformed due to the shear stress with non-zero thickness and a certain shape, which appears as a feature quite different from that of a fault structure simulated with a single planar or non-planar interface in a numerical model.
2.
Bump potential seems to increase if the panels are excavated after the adjacent fault induces a relatively larger shear strain deformation. This risk is indicated by the large amounts of dissipated plastic energy near the excavations.
3.
Bump potential would be high if the panels are excavated when the adjacent fault induces a relatively smaller shear strain. This risk is indicated by the large ratio of elastic energy to dissipated plastic energy, which results from mining.
4.
A better understanding of the risk of bumps is a critical step in improving miner safety in coal mines. Using the proposed methodology beyond evaluating bump potential in a highly stressed longwall coal mine as a function of structural geologic characteristics is a necessary step to accomplish the eventual elimination of coal pillar bursts and bump-related worker injuries and fatalities.
5.
The objective of this study was accomplished in that an unconventional technique shown in the literature was reproduced using a numerical model to represent the mechanics of a strike-slip fault, and energy calculations were then used to forecast bump potential. However, no calibration can be demonstrated at this moment. Therefore, further effort on calibration with a real longwall coal mining case will definitely be required. In addition, developing a generalized template that can simulate any faulting regime, including cases involving two components, such as normal and strike-slip or reverse and strike-slip faults, might be necessary for future work. Number and rate of occupational mining fatalities for coal mining operators at underground work locations by year from 2005 through 2014 [10] .
